In this paper we analyze the dynamic evolution of molecular and atomic fragments of small hydrogen clusters interacting with thin solid foils. We compare the vicinage forces, calculated within the dielectric formalism, for H ϩ , H 0 , and H 2 ϩ fragments. Using a molecular dynamics numerical code we determine the energy distribution of the fragments after interacting with the target. This distribution is compared to experimental results for protons coming from the fragmentation of vϭ2.02 a.u. H 2 ϩ ions impinging on an aluminum foil; a fraction of neutral H 0 is needed to be included in the simulation to get a good agreement with the experimental results. The H 2 ϩ energy spectra for vϭ5.42 a.u. H 3 ϩ interacting with amorphous carbon is also determined. The asymmetry in the Coulomb peaks appearing in the energy spectra both experimentally and in our calculation is opposite for H 2 ϩ than in H ϩ ; kinematic effects and differences in the electronic stopping are enough to reproduce the difference in the alignment of H 2 ϩ and H ϩ fragments.
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I. INTRODUCTION
The interaction of molecular beams with solids at vϾv 0 ͑Bohr velocity͒ introduces new insights into the study of projectiles with matter. Molecular projectiles lose their bound electrons and dissociate just after entering the target ͓1͔. The result is a cluster of ions where each of them interacts with the target material and at the same time with the other ions of the cluster ͓1͔. From the analysis of the fragment evolution one can get detailed information on the dynamical properties of the target ͑induced field, collision rate, etc.͒. These properties greatly affect the energy distribution of the fragments after they interact with a thin foil, so the study of their energy spectra give the opportunity to compare theoretical models with experimental results.
When a molecular ion moves through a solid without being dissociated it is supposed to be subjected to the same interactions than an atomic projectile, mainly ͑i͒ the electronic stopping and straggling and ͑ii͒ the collisions with the target nuclei. Once the molecule becomes dissociated additional forces have to be taken into account between the fragments: ͑iii͒ Coulomb repulsion and ͑iv͒ induced force through the electronic medium of the target, which is known as vicinage force.
In the present work atomic and molecular vicinage forces are analyzed within the dielectric formalism. Fermi ͓2͔ was the first to use this formalism to study the interaction of swift charged particles with target electrons. Lindhard ͓3͔ obtained an analytical expression for the dielectric function ⑀(k,) of the stopping medium, which was improved later in a unified theory of the stopping of charged projectiles ͓4͔. Many dielectric function models have been established since then; the ones developed to describe dielectric response of semiconductors ͓5-7͔, or the ones developed from the Drude model ͓8͔. Here we use a dielectric function developed by our group that has been optimized for several materials ͓9-12͔. It is based on a linear combination of dielectric functions proposed by Mermin ͓13͔ for outer electron excitations, together with generalized oscillator strengths for inner-shell electron excitations. The parameters entering the Mermin function are derived from a fitting to the experimental energy-loss function ͑ELF͒ in the optical limit ͓9-12͔.
There are many theoretical and experimental works on vicinage forces that demonstrate that these forces affect the energy loss and charge of fragments dissociated from molecular ions and also tend to align these fragments in the beam direction ͓14 -18͔ ͑see Ref. ͓14͔ for a complete list of older works͒. An experimental evidence of the alignment effect is provided by the asymmetric heights of the external peaks that appear in the energy spectra of dissociated fragments ͓17,19-25͔; these peaks are usually known as Coulomb peaks.
Interactions ͑i͒-͑iv͒ have been deeply studied by our research group in the last years ͓25-29͔ including a molecular dynamics treatment of the vicinage forces between two neighbor protons. The main aim of this work is to calculate theoretically the vicinage forces between the different types of fragments from small hydrogen clusters and to check this calculation by evaluating, through a simulation code, the asymmetry in the heights of the Coulomb peaks appearing in the fragments energy spectra.
In Sec. II vicinage forces between two general charge densities will be analyzed using the dielectric formalism and specifically calculated between atomic hydrogen species and H 2 ϩ molecular ions. In Sec. III our molecular dynamics code will be briefly described, and in Sec. IV the computed energy distributions are compared with experimental spectra. Finally, the conclusions are presented in Sec. V. Throughout this work we use atomic units, in other case it will be specified.
II. VICINAGE FORCES
In this section we analyze the vicinage force that a moving particle P 1 with charge density ext1 (r,t) produces on a second particle P 2 with charge density ext2 (r,t), when both are embedded in a uniform electron gas characterized by its dielectric function ⑀(k,). Following the dielectric formalism, the induced potential ind (r,t) produced by P 1 is ͓11͔
where ext1 (k,) is the Fourier transform of ext1 (r,t).
If P 2 is supposed to move at a constant velocity v along the z axis ͑Fig. 1͒, we have then ext1 ͑ r,t͒ϭ ext1 ͑ rϪvt͒, ͑2͒
which, in the Fourier space, becomes
The potential energy of P 2 , centered at R, induced by ind (r,t) is finally
For charge densities with spherical symmetry and using the property ⑀(k,)ϭ⑀*(k,Ϫ) ͓30͔, this expression turns into
͑5͒
where zЈ and are the coordinates of P 2 parallel and perpendicular to P 1 motion in the reference frame centered on P 1 ͑Fig. 1͒, and J 0 (x) is the zeroth-order Bessel function. We see from Eq. ͑5͒ that the potential energy will only depend on zЈ and for a given target material.
The F(zЈ,) vicinage force can be derived from the potential energy through
From Eqs. ͑5͒ and ͑6͒ the parallel and perpendicular components of this force are written as
͑8͒
where J 1 (x) is the first-order Bessel function.
The vicinage force in Eqs. ͑7͒ and ͑8͒ only include the induced force, not the Coulomb repulsive force. Equations ͑7͒ and ͑8͒ give the induced force F 1→2 (zЈ,) that P 1 produces on P 2 . However F 1→2 (zЈ,) ϪF 2→1 (zЈ,) because to calculate F 2→1 we have to use the velocity of P 2 and the zЈ and coordinates in the P 2 motion reference frame ͑in the following P 1 will represent the particle that generates the induced field͒. Vicinage force also depends on the stopping medium through its dielectric function ⑀(k,).
Putting zЈϭϭ0 and ext1 ϭ ext2 , F ϭ0, and F z Ј yields the self-retarding particle force F s . The variation of the projectile kinetic energy is dEϭF s •v dt so the electronic stopping S e defined as the energy loss per unit path length becomes
Parallel zЈ and perpendicular coordinates from the center of the charge density 1 to the center of the charge density 2. Vectors v 1 t and R are the positions of the particles 1 and 2, respectively, in the laboratory frame.
Then we get the well-known self-retarding force formula
A. Vicinage forces between atomic hydrogen species
In this section vicinage forces between different atomic hydrogen species in solid targets will be calculated. We consider velocities greater than the Bohr velocity, thus H Ϫ can be neglected ͓31-34͔ and only H ϩ and H 0 are taken into account. The effects of these vicinage forces in the energy spectra at zero angle of the different hydrogen species that exit the solid foils will be simulated and compared to experiments later on.
To calculate these vicinage forces one has to substitute into Eqs. ͑7͒ and ͑8͒ the Fourier transform of the appropriate charge densities corresponding to the fragments dissociated from the molecular ion. There are three kinds of vicinage forces between H ϩ and H 0 fragments: namely, those corresponding to the couples H ϩ -H ϩ , H ϩ -H 0 , and H 0 -H 0 . For the simplest case, the vicinage force that a H ϩ produces on another H ϩ , we have ext1 (k)ϭ ext2 (k)ϭ1. The result of this force can be seen in Fig. 2͑a͒ when the velocity is vϭ5 a.u. and the target is amorphous carbon, whose ⑀(k,) has been calculated in Ref. ͓11͔. This vicinage force presents an oscillatory behavior behind P 1 , with a wavelength ϳv/ pl ͑where pl is the plasmon frequency of the material͒. This oscillation is damped because the plasmon lifetime is not infinite, which is taken into account in Mermin dielectric function ͓13͔ through a collision term. On the other hand, vicinage force decays transversely almost exponentially. Then it is clear that the neighboring particle P 2 will experience a stopping or an accelerated force according to its coordinates (zЈ,) regarding the position and velocity of P 1 . The parallel component F z Ј will cause stopping or acceleration of P 2 , while the perpendicular component F will cause a change of direction.
The case of the force that a H ϩ creates on a H 0 and vice versa can be found in the same way as the H ϩ -H ϩ vicinage force but taking into account that one of the charge densities is a H ϩ and the other one is a H 0 . In this work it will be supposed that the hydrogen atom is in its ground state, because the population of excited states is very small in our velocity range ͓35͔, and this ground state is unperturbed. Thus the charge density of the hydrogen atom in the Fourier space is given by
where the Fourier transform of the electronic density in the ground state is 
͑13͒
where Z 1 ϭ1 is the charge of each proton of H 2 ϩ nucleus, P is the internuclear vector ͑which modulus is Pϭ2.05 a.u.), ␣ϭ0.43 a.u. is the electronic orbital parameter, and N G is the normalization factor for the electronic molecular orbital:
Vicinage force generated by a proton, located at ͑0,0͒ moving through amorphous carbon in the zЈ direction with a velocity of vϭ5 a.u., onto ͑a͒ another proton, and ͑b͒ an hydrogen atom located at (zЈ,). ͑c͒ The same for the force generated by a hydrogen atom onto another hydrogen atom. Vector modulus represents the same arbitrary units in the three cases.
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As the Fourier transforms of the ion charge densities in Eqs. ͑7͒ and ͑8͒ depend only on the modulus of k, we can divide extH 2 ϩ( k) in three spherical charge densities centered at different positions in the real space ͑as e Ϫik•R represents an R displacement in the real space͒, i.e., 
where F I is the vicinage force between charge densities ext1 (k)ϭ H 2 ϩ I (k) and ext2 (k)ϭ1, whereas F II is the vicinage force between charge densities ext1 (k)ϭ H 2 ϩ II (k) and ext2 (k)ϭ1.
When a H 2 ϩ ion moves inside a target material its internuclear vector orientation is random, and although considering the modulus of the internuclear vector constant (͉P͉ϭ P ϭ2.05 a.u.), their components, P ʈ and P Ќ , are not. Vicinage force will depend on the H 2 ϩ internuclear vector orientation so in our computer code we draw it randomly each time we calculate this force.
The vicinage force F H 2 ϩ ϪH ϩ is depicted in vectorial form in Fig. 3 for the case when the internuclear vector of the H 2 ϩ ion is parallel to its velocity. This force has a similar magnitude but an extended shape as compared to the vicinage force between two protons reported in Fig. 2͑a͒ . Also we can see that F H 2 ϩ ϪH ϩ has two characteristic minimum values at the proton positions of the H 2 ϩ molecular ion. To conclude this section, it is worth to remark that the same procedure can be used to calculate vicinage forces between any complex molecules if their charge densities can be treated as a combination of spherical charge densities.
III. SIMULATION CODE
Our research group has developed a numerical code to follow the trajectories of the fragments dissociated from molecular ions, which has been described elsewhere ͓25,28,37͔.
Here it is summed up in a few conspicuous points featuring this work.
Inside the target the molecular ion moves first without dissociating, and secondly dissociated into its fragments. The time traveling nondissociated is drawn from the lifetime of the molecule ͓38-41͔. The electronic stopping and straggling are calculated through the dielectric formalism, as it was done with the vicinage forces in the last section ͓36,37͔. Nuclear collisions are computed adapting a Monte Carlo algorithm developed by Möller et al. ͓42͔ involving the classical theory of the angular dispersion and elastic energy loss with a Thomas-Fermi Coulomb screened potential and the universal screening distance ͓43͔. After the dissociation of the molecule, the fragments suffer Coulomb repulsions and the vicinage forces explained in Secs. II A and II B. The effect of coherent scattering was shown to represent a small correction to other effects in this velocity range ͓28͔ so it is left out of our calculations.
The initial geometry of each molecular ion has been taken into account because the forces between fragments depend strongly on the modulus and on the orientation of the internuclear vectors regarding to the motion direction of the beam. For the case of H 2 ϩ , the initial internuclear distance is drawn from an internuclear distribution theoretically calculated using the Franck-Condon principle ͓44͔. The initial internuclear distances for H 3 ϩ molecular ions are drawn from experimental internuclear distributions ͓20,21͔. Besides, the initial geometry of the molecule is characterized by a orientation obtained from a random draw of Euler angles.
The simulation code uses a standard molecular dynamics method to follow the evolution of a system of particles, using a numerical integration of Newton equations. It is also considered in a simple way the possibility that the fragments can capture or lose an electron inside the foil to account for the different vicinage forces. In order to implement these processes in the computer code, the charge of each particle has been chosen randomly at each time step of the numerical integration of Newton equations, according to the equilibrium charge fraction corresponding to its velocity ͓34͔. For our velocity range, H ϩ and H 0 have different electronic stopping but the same differential scattering cross section for ion-ion collision. On the other hand H 2 ϩ electronic stopping is smaller than twice the proton one ͓36͔ and the same differential scattering cross section as a D ϩ ion. Also vicinage forces depend of the charge state of the two fragments as it has been studied in Secs. II A and II B. Coulomb repulsion are taken into account only between positive fragments inside and also outside the foil. Considering Coulomb repulsion outside thin foils is important because Coulomb explosion inside the target is not complete, especially at highest fragment velocities. The trajectories are calculated until the projectile reaches the detector, and the experimental angular acceptance is taken into account in order to consider the effects of a finite resolution detector.
IV. RESULTS
When a molecular ion is dissociated in two positive fragments, the energy spectrum at zero exit angle of these two fragments is characterized by a lower-and a higher-energy peak. These peaks correspond to the fragments that are retarded or accelerated, respectively, due to Coulomb repulsion, so they are called Coulomb peaks. The asymmetric heights of the Coulomb peaks are due to the asymmetry of the vicinage force, which tend to align the neighbor fragments in the velocity direction. As the vicinage force is more intense behind the fragment that generates the force, the trailing fragment tends to be aligned behind the leading fragment motion direction and so the lower-energy Coulomb peak becomes more intense in the energy spectra ͓17, 19-25,28͔ .
In what follows we will analyze H ϩ and H 0 vicinage force effects in the energy distribution of H ϩ ions dissociated from H 2 ϩ ions, and H 2 ϩ , H ϩ , and H 0 vicinage force effects in the energy distribution of H 2 ϩ ions dissociated from H 3 ϩ ions.
A. Vicinage force effects in the energy distribution of H ¿ ions
In order to analyze the vicinage forces between atomic hydrogen species, simulated energy distributions of the proton fragments dissociated from H 2 ϩ molecules are compared with the corresponding experimental spectrum ͓45͔. Specifically, these energy distributions are calculated for incident H 2 ϩ molecules with vϭ2.026 a.u. and exiting in the forward direction ͑i.e., at 0°angle with respect to the axis of incidence͒ after traversing a 360 a.u. thick aluminum foil, whose ⑀(k,) has been calculated in Refs. ͓10,11͔. These velocities are chosen because the fraction ⌽ 0 of hydrogen atoms in the dissociated fragments is high enough, ⌽ 0 Ӎ20% ͓34͔, to observe the vicinage force effects of this species.
We represent in Fig. 4 the experimental data ͓45͔ by symbols while the set of histograms pertain to simulations with different values of the neutral charge fraction ⌽ 0 , as indicated. All distributions are normalized to unit area.
It can be seen from the simulations that if the neutral charge fraction is zero, ⌽ 0 ϭ0 ͑i.e., the two fragments are protons͒, two peaks are obtained in the energy distributions, which correspond to the protons that are retarded or accelerated due to the Coulomb repulsion. Also a difference in height of these two peaks is observed due to the alignment effect of vicinage forces between the protons. However the experimental distribution does not show the double-peak structure obtained from the simulation in the ⌽ 0 ϭ0 case, which means that ⌽ 0 has a strong influence on the energy distribution of the H ϩ fragments. When the neutral charge fraction is increased in simulations, the path fraction in which both fragments travel as H ϩ diminishes and so the action of the Coulomb repulsion is reduced, leading to a narrower energy distribution as it is observed in Fig. 4 . Also there is an increase of those particles that did not experience repulsion at all, increasing the central region of the energy distributions ͓19,22,46,47͔. Finally one can see that the peak height difference diminishes due to the fact that vicinage force effects for neutrals are lower than for protons. From these simulations it seems apparent that a neutral fraction ⌽ 0 Ӎ20% provides the best agreement with the data, in accordance with the neutral fraction found in experiments ͓34͔, and part of this agreement is due to the inclusion of the vicinage forces of the hydrogen atoms in our calculations.
B. Vicinage force effects in energy distributions of H 2 ¿ ions
To study the vicinage force effects in the case of H 2 ϩ ions, the experimental energy spectrum of H 2 ϩ ions resulting from the dissociation of the H 3 ϩ ions is discussed in what follows. Figure 5 displays the experimental energy spectrum ͓48͔ ͑symbols͒ of H 2 ϩ ions that exit a 172 a.u. thick amorphous carbon foil in the forward direction. The H 2 ϩ ions are created by fragmentation of a H 3 ϩ ion beam incident with an initial velocity vϭ5.42 a.u. The energy spectrum shows three peaks: the two external ͑and greater͒ peaks are the result of the Coulomb repulsion between dissociated positive pair fragments, H 2 ϩ ϩH ϩ , while the smaller central peak is due to the lack of this repulsion between the dissociated pair fragments H 2 ϩ ϩH 0 . The most outstanding feature in these Coulomb peaks is that the lower-energy peak is smaller than the higher-energy peak, opposed to what is seen in the energy spectrum of the atomic fragment, Fig. 4 . This feature was pointed out by Cue et al. ͓48͔ , as due to an asymmetric destruction process of H 2 ϩ ions in the solid; these authors explained that as H 2 ϩ ion destruction is mainly due to the interactions with target valence electrons, the larger target electron density induced behind a leading positive charge supposes an increased probability for trailing H 2 ϩ ion destruction, which results in a less intense lower-energy peak.
To check the arguments by Cue et al., we have compared in Fig. 5 our simulation results ͑full line͒ with their experimental data ͑symbols͒, obtaining a good agreement with experiments, in particular concerning the asymmetry of the Coulomb peaks. This result has been obtained without introducing any H 2 ϩ destruction increasing factor induced by the neighbor positive charge. Thus other effects have to be analyzed.
The asymmetry of the Coulomb peaks could be due to the fact that electronic stopping per amu (S em ϭS e /m) of the H 2 ϩ ion is smaller than the one of H ϩ ; S emH 2 ϩ /S emH ϩ ϭ0.77 for this specific velocity ͓36,37͔. So after the H 2 ϩ ϩH ϩ dissociation, the H 2 ϩ velocity will become larger than the H ϩ one and H2ϩ ions will travel in front of its H ϩ partner resulting in a extra accumulation of H 2 ϩ ions at the higher energies. This effect can be estimated in our simulation code by putting the electronic stopping per amu of H ϩ ions equal to the H 2 ϩ value in the H 2 ϩ ϩH ϩ dissociation. From the result depicted in Fig. 6͑a͒ ͑full line͒, we see that the height asymmetry of the Coulomb peaks has decreased compared to the former simulation, Fig. 6͑a͒ ͑shadow histograms͒, but has not disappeared; so the electronic stopping influences the peak asymmetry but it is not the only responsible.
Another cause could be due to the H 2 ϩ -H ϩ vicinage force commented in Sec. II B. We calculated the energy distribution of H 2 ϩ , putting the stopping per amu of H ϩ ions equal to the value for H 2 ϩ but without considering H 2 ϩ -H ϩ vicinage force. Now Fig. 6͑a͒ ͑dashed line͒ shows that the height difference between Coulomb peaks totally disappears, so vicinage force makes an additional contribution to the asymmetry. The fact that the H 2 ϩ -H ϩ vicinage force effects are opposite to the H ϩ -H ϩ vicinage force effects is due to the difference in mass of the two particles resulting in the H 2 ϩ ϩH ϩ dissociation. The vicinage force tends to align more efficiently the lighter particle behind the heavier one. This feature can be seen in the energy spectrum of the dissociated protons, Fig. 6͑b͒ . When we calculate the H ϩ energy distribution putting H ϩ stopping per amu equal to the H 2 ϩ value ͑full line͒, we see that vicinage forces produce a height difference in Coulomb peaks opposed to the height difference seen in the H 2 ϩ energy spectrum. To sum up, the height asymmetry in Coulomb peaks of the energy spectra of different fragments from dissociated molecular ions is due to different electronic stopping per amu of the fragments and also due to the vicinage forces between them, because they produce different alignment depending on the fragment relative masses. 6 . Simulations of the dissociated fragments energy spectra for the experiment of Ref. ͓48͔. The shadow histograms correspond to the complete simulation ͑Fig. 5͒; full line histograms were obtained using the same stopping per amu for all fragments; dashed line histograms are the same as full line ones but without using vicinage forces. ͑a͒ H 2 ϩ energy spectrum and ͑b͒ H ϩ energy spectrum. and an energy-loss function developed by our group that describes properly the electronic stopping of the target material.
Vicinage forces tend to align the dissociated fragments from the molecular ions in the beam direction. This effect is shown clearly in the asymmetric heights of the Coulomb peaks that appear in the energy spectra of the dissociated fragments from the H 2 ϩ or H 3 ϩ molecules. This has been seen in H ϩ energy distributions exiting at zero angle from the dissociation of H 2 ϩ ions, this asymmetry decreases when the fraction of H 0 is included in the simulation code calculation confirming that H ϩ -H 0 and H 0 -H 0 vicinage forces are smaller than H ϩ -H ϩ ones, and also confirming that these vicinage forces have to be taken into account to obtain the same results as the experimental ones.
Also the H 2 ϩ energy spectrum resulting from H 3 ϩ ions presents an asymmetry in the height of the Coulomb peaks but opposite to the one found in the later case. It has been demonstrated that the opposed asymmetry is due to two effects; the first one is that H 2 ϩ ions have smaller electronic stopping per amu than their proton dissociated partners, and the second one is that vicinage forces align more efficiently lighter particles behind heavier ones.
